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Axion Rotations

' Axion Kination I

v Coetal 2108.09299
v" Gouttenoire et al. 2108.10328

Dark Matter Baryogenesis

v Coetal 1910.14152 v Co et al. 1910.02080
v Chang et al. 1911.11885 v Co et al. 2006.04809 ' Magnetogenesis |
v Co et al. 2004.00629 v' Domcke et al. 2006.03148
v’ Di Luzio et al. 2102.01082 v Co et al. 2006.05687 v Kamada et al. 1905.06966
v Rusov et al. 2109.01833 v’ Harigaya et al. 2107.09679
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2108.04293

v' Kawamura ef al.
2109.08605

Gravitational Waves
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Robakion

Inikial condiktion

Initial condition

SOXLO
Inikial axion e 3
condibiom
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_ Why Rotation?

Large ftetd value : Flat F’OEQ"\&&L Inikial condition ¥ \/§

For example, as an initial condition or
seb dvhami.c:atbj by the Hubble-induced mass

- o, TP '
V(|P|) ~ —Hf|P| +W ‘
Angular motion @ Explicit P& breaking
e '
V(P) ~ e h.c. SR
expected from quantum gravit ==
or ?Q as an O\CCLd@V\&O\L Svmmegrj —— —

S. Giddings et al. 19%%, S. Coleman 19¥%, G. Gilbert 19%%, D. Harlow et al. 2019
R. Holmawn 1992, S. Barr 1992, M. Kamiokowski 1992, M. Dine 1992 p—

Dynamics analogous to that in Affleck-Dine baryogenesis
I. Affleckk and M. Dine 1991

2 PRL 92, 011301 (2004 ) T. Chiba, F. Takahashi, M. Yamaquchi
R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya



Asymmetry Q‘fr‘?@ Charge

e w )
P — (& fa
Noether charge associated with the shift symmetry /2
npq = iPP* — iP*P
TLPQ — S 2(9

PR asymmekbr

PR i‘:h&rge dﬁV\SiEv = Rotakion O‘F PR fi,e_{,d

PQ charge is comserved soon after the onset.

R. Co Minnescta PRL 124, 111602 (Ro20) RC and K, Harigaya
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Keason:

npqQ = S 20 anR3 = conserved charge

Conventional:
Da—vwisp) : -
S = fa 0 0.¢ R -
DD e ——
Our scenario (S »> afo\): ppq = 0"f, x R ——
kinakion! —
: =
quar&ic S92 x R2 0 oc R~1L prQ X I
5 3 . R_g necessary to achieve
qu&dmﬁt S x R~ 6 = constant PEQ, X € Lmation "domination

R. Co Minnesota PRL 124, 111602 (2020) RC and K, Harigaya



Evolution of Enerqy Densities

P(D)
radiation domination matter domination by rotation kination radiation

o domination
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RC and K. Harigaya



P(T)

Evolution of Enerqy Densities

radiation domination matter domination by rotation kination radiation
| . f domination
tberptb & 7 No @.M&T’O Py p rg)ciu,@&“;,m' .

ng] b&t
]1 f
This can occur bebween BRN and CMB

RC and K. Harigaya
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radiation domination
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domination — TN S YP Q

45 mgfg
= 27729* YPQ

3V15 f,

2 gy YPQ
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Gravitakional Waves from Inflation

S ——— - — = - — ————— s —

The origin is the gquantum fluctuations during inflation,

The horizon crossing, k = H, determines the onset of mode evolutions.

Qawh? = 0poh® ~— o Py Pr(k) = ok
o R ) e k)= oz
k= H(Th)
(1 RD : fru < f
4 1 2
Qowh? ~ 1.4 x 10717 ( I/@-ii& ) ( 9*,5M )3 ! (fRTM) MD : fuk < f < fem
1016 GeV 9*(Thc) fKLR KD - fKR < f < fMK
(1 RD : f < fkr




Gravitabtional Waves from Inflation
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Grravitational Waves from Cosmic Skrings

1008, 4%42 C. Ringeval
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1 = string tension

Nz

Daniel Dominguez/CERN
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Loop formation era

Radiation Makker Kination

Radiation f 0 f —1 f !

Matter f_1/2 f_l fl

LOOF cle.cwj era

Kinakion f1/4 f—1/2 fl

1. Flak sEac&ru.m for radiation domination
2. An enhanced Hubble increases loop energy density,



Grravitational Waves from Cosmic Skrings
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Grravitational Waves from Cosmic Skrings

S - e = =

NANQOCGrrav
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Axion Rotations
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strong sphaleron
PQ asymmetry

nPQ

thermal bakh
NnNip = T3

robakion
npeqQ = (952
chiral
astjmme?:rj

CBéT2
S

For T < Tew, the b&rjom
asymmelry is frozen.

9
TEw

Ja

= cBYPQ
T'=Tgw

Baryon asymmelry fixes rotational speed, equivalently Yeq

RC and K, Harigaja



 Kinetic Misalighment Mechanism
" s 7 Vo Yo

an alkernative scenario where the axion field has a nonzero initial velocity A
V(6)

Kinetic Misalignment Mechanism

6,

Cchsequ&h&e: detajing* usual T, until KE = PE, enhancing the dark matter abundance
* Parametbric resonance in fact occurs before oscillations start. The abundance

Pa
== Cma YPQ is modified by an 0(1) factor but axion dark matter can be warm.

S RC, K. Harigaya, A, Plerce

R. Co RC, L. Hall, K. Harigaya

Abundance:



Predictions from
Kinetic M&saiignmem&‘ and Axiogenestis
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The QCD Axion

robed by gravitational waves from inflation

Txkr, rM [GeV] QCD axion dark matter: Tkgr =~ 7x10° GeV
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Probing ?Q*br@.alfivxg Potential

Pilecewise awraxima&iam

3 a3 for S> f, ie T>Tux
i asd for S~ f,. ve T <k

log pa&ev\%mt

2P}
V(P) = m%|P|? (ln ‘fc%‘ — 1)

Two-field model
W = X(PP —v5)

V= m%|P|2 i m%\PF




Probing PQ-breaking Potential

from inflation
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Models

_— — piecewise py
Todels "\ two—field model

—— piecewise pg with analytic approx. N R log potential

=== piecewise py with numerical solution

two—field model with analytic approx.

log potential with analytic approx.

radiation

radiation 4 _ 1016
Vigg = 107 GeV dominated s
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Cownclusions

- — — e ——

v New axiown dvv\amics allows the QCD axion to simu&anaousij EXF’LO\E,V\

v the Strong C? problem
v the dark malter abundance
v the bm‘jom asymmetry

v This paradigm predicts axion kination, featuring —
a triangular peak in gravitational wave spectra.

v Other possible signatures:

v (QCD) axion searches
v Warm axiown darlke makbker
v Matter power s’nec&rum

Y New model building opportunities
R. Co Minnesota
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